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Flexible and transparent (FT) ZnO thin film based surface acoustic wave (SAW) devices using indium tin 
oxide (ITO) electrodes were fabricated on ultrathin flexible glass substrates. The influence of annealing 
process and ITO thickness on the optical properties and acoustic wave power transmission properties of 
the devices were investigated. The performance of the devices improved significantly when the annealing 10 
temperature was raised up to 300 °C. The flexible glass based SAW devices exhibited similar power 
transmission performance, but have better optical transmittance than those on rigid glass. These FT strain 
sensors worked well under various applied strains up to ±3000 µε with fast response time, and showed 
excellent linearity of resonant frequency with the change of strain with a sensitivity of ~34 Hz/με. The 
strain sensors demonstrated excellent stability and reliability under cyclic bending. The results 15 
demonstrated great potential of applications of the FT-SAW device based strain sensors on flexible glass 
substrates. 
1  Introduction  
Flexible and transparent (FT-) electronics are an emerging 
technology with great potential and innovation for applications 20 
owing to their excellent properties and advantages over 
traditional solid state electronics. Recently, many novel flexible 
electronic devices and microsystems have been developed such as 
flexible electronic displays, 1  electronic skin, 2  and eyeball 
cameras,3 etc. Polymers such as polyethyleneterephthalate (PET), 25 
polyimide (PI), and polymethylmethacrylate (PMMA) are the 
most commonly used flexible substrates. They can endure large 
bending and strains, but have poor mechanical strength, wear 
resistance and thermal stability with typical working temperatures 
below 100 °C. Some of them have poor transparency as well, 30 
limiting their applications to the flexible regime only. Glass 
substrates are often used to develop transparent electronics, but 
they are rigid, not suitable for flexible electronics. Recently 
Corning has developed an ultrathin flexible glass, Corning® 
Willow® Glass, which has the combined merits of flexibility, 35 
transparency, high mechanical reliability and thermal stability, 
and high wear and corrosion resistance. Many applications based 
on Willow Glass have been explored.4, 5,6 In this work, we use 
this type of flexible glass as the substrate to fabricate flexible and 
transparent ZnO thin film surface acoustic wave (SAW) devices, 40 
and develop SAW-based high sensitivity strain sensors with 
extremely broad strain ranges. 
 SAW devices are a building block for electronics and 
microsystems, and have been extensively explored for 
applications such as radio frequency (RF) filters,7 RF-ID tags,8 45 
microfluidic systems 9, 10, 11 and sensors for various physical12, 13 
and biochemical sensing 14 , 15  etc. SAW devices are normally 
fabricated on bulk piezoelectric (PE) materials like LiNbO3, 
LiTaO3, or on piezoelectric thin films such as ZnO and AlN 
deposited on rigid substrates. Metals such as gold (Au) and 50 
aluminium (Al) are commonly used to fabricate the interdigitated 
transducers (IDTs). The use of rigid substrates and metal IDT 
electrodes make SAW devices not suitable for flexible and 
transparent electronic applications. We have recently developed 
SAW devices on flexible PI and rigid glass substrates using Al or 55 
Al-dope ZnO (AZO) as the electrodes,13,16- 18 and demonstrated 
their usability for communication, sensors and microfluidics. 
Here we report FT-SAW devices made on transparent and ultra-
thin flexible glass using indium tin oxide (ITO) as the IDT 
electrodes. We will show the FT-SAW devices have better 60 
transparency and excellent flexibility than those on rigid glass 
and polymer substrates, and have great potential for FT-
electronics and extremely wide range strain sensor applications. 
2  ZnO and ITO films characterization and strain 
sensing setup 65 
Willow Glass with a thickness of 100 μm and rigid glass (Corning 
2318, 500 μm) were used as the substrates for the device 
fabrication. The diameter of both the flexible glass and rigid glass 
wafers was 100 mm. Nanocrystalline ZnO thin films with (0002) 
crystal orientation were deposited on the substrates by sputtering. 70 
Rigid glass was also used to fabricate the SAW devices for 
comparison. The deposition conditions for the ZnO films were 
fully optimized through our previous work,16,17 and were used 
directly except the deposition temperature which was 100 °C for 
this work. It was found the crystal structure and optical properties 75 
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of the nanocrystalline ZnO films deposited on flexible glass are 
very similar to those on rigid glass and PI substrates, therefore 
they will not be discussed here in detail. For detailed information, 
please refer to our previously work.16,17 
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 Conductive ITO thin film was used to fabricate the IDT 
electrodes using conventional ultraviolet light photolithography 
and lift-off process as it has better electrical conductivity than 
that of AZO.17 The direct-current (DC) reactive magnetron 
sputtering was employed to deposit the ITO films using Argon 10 
plasma (the Ar flow rate was 100 sccm) and an ITO target (In2O3 
90 wt.%:SnO2 10 wt.%). The sputtering pressure, power, 
substrate temperature and bias voltage were optimized to be 0.70 
Pa, 150 W, 100 °C and -75 V, respectively. The wafers were then 
annealed at 200 and 300 °C, respectively, for 10 minutes by rapid 15 
thermal annealing (RTP-CT100M) in N2 at atmospheric pressure. 
For optical transmittance measurements, ITO was deposited on 
the surface of the ZnO layer on glass substrates. For the 
fabrication of IDT electrodes, the ZnO/Si wafers were patterned 
using photolithography, and ITO was deposited on the patterned 20 
wafers. After deposition of ITO, the wafers were immersed in 
acetone to remove unwanted ITO layer, and then they were 
annealed at various temperatures.  
  
Fig. 1 (a) An XRD image comparing  ZnO film before and after annealing 25 
(200 °C and 300 °C).  AFM surface image of ZnO films before annealing 
(b) and after 200 °C annealing (c).     
 
 The crystalline orientation and surface morphology of the ZnO 
piezoelectric films before and after annealing was characterized 30 
using atomic force microscope (AFM, SPI-3800N, Seiko, Co.) 
and X-Ray diffraction (XRD, Panalytical Empyrean), 
respectively. Fig. 1(a) shows the XRD curve of the ZnO films 
before and after annealing. All the samples show (0002) ZnO 
crystalline orientation, and the intensity increase after annealing 35 
at 200 and 300 °C. Higher XRD intensity indicates better 
crystalline quality and fewer defects. The peak angle is 34.23°, 
34.33° and 34.38° for the ZnO films without and with 200 °C, 
300 °C annealing, respectively. The full-width at half maximum 
(FWHM) is 0.217°, 0.208° and 0.195° for the ZnO films without 40 
and with 200 and 300 °C annealing, respectively. The grain size 
of the ZnO films was calculated using the Debye-Scherrer 
formula19, 
 𝐷 = 0.94𝜆𝑥 (𝛽 cos 𝜃)⁄  (1) 
where D is the mean crystallite gain size normal to the diffracting 45 
plane. λx is the X-ray wavelength (1.54 Å for the Cu target), β is 
the HWFM in radians and θ  represents the Bragg angle. The 
annealing process results in larger grain size which increases 
slightly from 39.99 nm (without annealing) to 41.74 and 44.53 
nm (200 and 300 °C annealing). Larger grain size means fewer 50 
grain boundaries and interfacial defects. The surface roughness of 
the ZnO film is 9.6 nm (without annealing) and 9.4 nm (200 °C 
annealing) as shown in Fig. 1(b) and Fig. 1(c), respectively, and 
is comparable to those on Si and rigid glass substrates.   
 55 
Fig. 2 Comparison of the optical transmittance for ITO(750 nm)/ZnO(2.5 
μm) films with different annealing conditions (a), for the 
ITO/ZnO/flexible glass and ITO/ZnO/rigid glass structures (b). 
 
 It was found that annealing at 200 and 300 °C could also 60 
change the optical transmittance of the ITO(750nm)/ZnO(2.5μm) 
layers, significantly, from ~78% to ~89% in the visible light 
range as shown in Fig. 2(a). The improvement in optical 
transmittance is attributed to the growth of crystalline phases of 
the ITO20 and ZnO21 films, and the reduction of defects in the 65 
films during annealing. As shown in Fig. 2(b), the average optical 
transmittance of the stack of the ITO(750nm)/ZnO(2.5μm)/ 
flexible glass substrate after 200 °C annealing is over 80%, 
higher than the same structure on the rigid glass substrate (75%) 
in the visible light region,17 owing to the ultrathin thickness of the 70 
flexible glass compared to the 500 μm thick rigid glass. Fig. 3(a) 
is a photograph of the ITO IDT electrode of the FT-SAW device, 
and Fig. 3(b) is an image of a bent flexible glass wafer with 
fabricated SAW devices, showing excellent optical transmittance 
and bendability.  75 
 
Fig. 3 A zoomed-in photograph of ITO IDTs (a) and photograph of the 
flexible glass wafer with fabricated SAW devices on flexible glass (2 inch 
in diameter) (b). 
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 Fig. 4(a) is the setup for strain sensing experiments. As shown 
in Fig. 4(b), the SAW devices (3 mm × 4 mm) were bonded to a 
PCB board using conductive adhesive (MCN-DJ002) and 
electrically connected to SMA connectors. They together were 
glued on a flexible steel bar. A standard full-bridge strain gauge 5 
(BF1000-3h, 5 mm×5 mm) was assembled next to the PCB board 
to measure the strain. The strain gauge data were transferred to a 
computer through electrical connects. As shown in Fig. 4(a), a 
movable robotic arm (HSV-500) was used to bend the steel bar 
with SAW device and strain gauge assembly, and the SAW 10 
devices on the PCB board were electrically connected to a vector 
network analyzer (E5071C) to measure the RF power 
transmission properties of the SAW devices when strain is 
applied. A LabVIEW based program was developed to 
implement automated measurements of frequency shift of the 15 
devices.  
 
Fig. 4 A photograph of the setup for bending test (a), and a zoomed-in 
image of the strain sensor on the steel bar (b). 
 20 
3 Power transmission property 
The power transmission properties of the FT-SAW devices were 
characterized and compared with the SAW devices on the rigid 
glass substrate. Fig. 5 is the comparison of the power 
transmission spectrum of the SAW devices on both glass 25 
substrates. The wavelengths, λ, of the devices are 20 and 24 μm, 
respectively; the thickness of the ITO layer is 750 nm, and that of 
ZnO is 2.5 μm. The resonant frequency, fr, of the Rayleigh wave 
was found to be 113.5 and 133.2 MHz for the SAW devices on 
the flexible glass with wavelengths of 24 μm and 20 μm, 30 
respectively, while that decrease to 109.5 and 129.4 MHz on the 
rigid substrate. As these devices on different substrates were 
fabricated at the same time using the same conditions, the higher 
resonant frequencies is believed to be due to the high acoustic 
velocity in the flexible glass or the thinner substrate (mass 35 
loading effect). All the devices have the amplitude of the resonant 
peaks over 20 dB, demonstrating their potential for applications 
in electronics, communications and sensors. The results show that 
the SAW devices on the flexible glass have higher fr and a similar 
RF power transmission compared to those on rigid glass, 40 
therefore they are more suitable for FT-electronic application.  
 
Fig. 5 Comparison of power transmission spectrum for the SAW devices 
with different wavelengths on both the flexible glass and rigid glass 
substrate. 45 
 
 The thickness of the ITO layer and the annealing temperature 
were varied to investigate their effects on the device performance. 
Table I summarizes the influence of the ITO thickness on the 
sheet resistance of the ITO films. The average sheet resistance 50 
decreases from 20.7 Ω/□ to 6.7 Ω/□ when the ITO thickness is 
increased from 250 nm to 750 nm. With the increase in ITO 
thickness, the power transmission property of the devices (not 
annealed) improves significantly as shown in Fig. 6(a). The 
insertion loss of the resonance decreases from ~-52 dB to ~-39 55 
dB (the signal amplitude increases) when the ITO thickness is 
increased from 250 nm to 750 nm. Furthermore, the effective 
electromechanical coupling coefficient (keff2) also increases 
dramatically (Table I) with the ITO thickness, with a tendency 
similar to that of the SAW devices with the AZO IDTs.17 The 60 
decrease of the resonant frequency, as the ITO thickness is 
increased, is caused by the mass loading effect.17  
 
Fig. 6 Effect of the thickness of the ITO film on the power transmission 
spectrum of the devices without annealing (a), and influence of the 65 
annealing temperature on the power transmission spectrum (b). 
 
Table I Summary of the ITO films and characteristics of the SAW 
devices with ZnO layer annealed at 200 °C. 
λ(µm) ITO thick. 
(nm) 
R□ (Ω/□)  
as-depo. 
R□ (Ω/□) 
(200 °C) 
fr (MHz) 
(200 °C) 
keff2(%) 
(200 °C) 
24 250 20.7 10.5 118.8 0.97 
 500 11.0 5.6 115.8 1.38 
 750 6.7 4.7 113.8 1.58 
20 250 20.7 10.5 139.1 0.78 
 500 11.0 5.6 136.1 1.38 
 750 6.7 4.7 133.2 1.54 
 70 
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 After annealing at 200 °C, the sheet resistance decreases to 
10.5, 5.6, and 4.7 Ω/□ for 250, 500, 750 nm ITO films, 
respectively, as summarized in Table I. This has great impact to 
the power transmission property of the SAW devices as shown in 
Fig. 6(b). The insertion loss of the resonance decreases (signal 5 
amplitude increases) from -38.92 of the unannealed sample to -
33.28 and -29.10 dB after 200 and 300 °C annealing, 
respectively. The improvement of the power transmission 
characteristics by annealing is attributed to the improvement of 
crystal quality of ITO20,22 and ZnO23 films, increased grain sizes, 10 
reduced grain boundaries and defects, etc, that act as scattering 
centres to attenuate the acoustic waves. 
4 Strain sensor 
Since the ultra-thin glass is very flexible, the SAW devices on it 
are particularly suitable for the development of strain sensors 15 
with wide strain range, hence the performance of the devices 
(only those annealed at 200 °C) under various bending conditions 
were investigated. The resonant frequency of the devices 
responds rapidly with the change of strain, more work is 
undergoing to measure the rise and fall times. For simplicity, we 20 
introduce a unit of microstrain,12,24,26,27 µε, which is defined as 
µε=(∆l/l)x106, where ∆l and l is the change of length and the 
length of the device.  
 The cyclic test of the resonant frequency of the device (750 nm 
ITO, λ=20 µm) under tens of times repeated bending is shown in 25 
Fig. 7 with the strain varied from 0 to 2300 µε (tensile strain). 
The red line represents the average resonant frequency under 
tensile strain, and the blue line is the average resonant frequency 
with no strain applied. The resonant frequencies with and without 
strain applied remain almost unchanged. We conducted the cyclic 30 
test for the devices several times, and found that as long as the 
strain is within 3000 µε, the devices maintain the same 
performance without noticeable deterioration, demonstrated its 
high reliability and repeatability. However, when the strain 
reaches 3500 µε or more, some devices show deterioration of the 35 
performance up on cyclic tests. Detailed investigation by optical 
microscope and SEM shows the ZnO film cracks. The number 
and the sizes of the cracks increase with strain. Although the 
SAW devices still resonate once the strain is withdrawn, the 
transmission amplitudes decrease accordingly depending on the 40 
strength of the strain applied. Therefore, we have restricted the 
strain to 3000 µε for the following experiments. 
The performance of the devices (750 nm ITO, λ=20 µm) under 
both the compressive and tensile strains was investigated. As 
shown in Fig. 8(a), the resonant frequency responds dynamically 45 
when the compressive strain changes in a step of 500 µε. The 
frequency decreases about 110 kHz when the applied 
compressive strain is increased from zero to -3044.6 µε. When 
the strain becomes tensile, the resonant frequency increases, as 
depicted by Fig. 8(b), opposite to the situation under compressive 50 
strain as expected.  
 
Fig. 7 The real time cyclic test of the SAW sensor under a repeated strain 
change from 0 µε to 2300 µε (tensile strain) with one cyclic duration of 
25 s. 55 
   
 Fig. 8(c) shows the dependence of resonant frequency shift on 
strain from compression to tensile. The resonant frequency shift 
of the device exhibits a linear relationship for the whole strain 
range with a linear regression coefficient of 0.9949. The strain 60 
sensitivity, Z, of the device is defined as 
 𝑍 = ∆𝑓/∆𝑠 (2) 
 where ∆f and ∆s are the absolute frequency shift and strain 
change of the device, respectively. The sensitivity of the devices 
can be calculated to be Z~34.7 Hz/µε. Although the sensitivity is 65 
not as good as those of the SAW devices made on other 
piezoelectric substrates, the detectable strain range is at least 5 
times larger than those that have the rigidity and fragility 
limitation, 12,24- 27 clearly demonstrating their great potential for 
application in wide range strain sensing. Furthermore the 70 
sensitivity can be improved by using a thicker ZnO thin film 
layer for SAW devices as demonstrated by Nalamwar et al31 and 
our work on other SAW sensors and actuators.10,16  
 
Fig. 8 Real-time responses of the device (750 nm ITO, λ=20 µm) under 75 
stepwise compression (a), tensile strain (b) and a summary of the 
frequency shift as a function of strain from compression to tensile, 
showing an excellent linearity (c). 
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 The change of the resonant frequency of the devices with 
strain is determined by two factors: the change of wavelength 
caused by the deformation of the device surface and the IDT 
pitch, and the change of acoustic velocity induced by the change 
of the elastic modulus of the multilayer structure and material 5 
density under the applied stress. 28 , 29 , 30  Therefore the strain 
induced frequency shift will be the result of the combined effects. 
Assume the stress of the device surface is uniform which should 
be true for our case as the steel bar is much longer and stronger 
than the SAW device and PCB board, so that the SAW device 10 
can be bent uniformly, then the wavelength change under a strain 
of ε can be estimated by, 
  𝜆′ = 𝜆 × (1 ± 𝜀) (3) 
 where λ and λ′ are the wavelengths before and after bending, and 
the plus sign and minus sign correspond to the case of tensile and 15 
compressive strain, respectively. The acoustic velocity changes 
linearly with strain, and the ratio of the fractional velocity change 
((𝑣′ − 𝑣) 𝑣⁄ ) to strain is approximately ~1.3/ε for the ZnO/glass 
layered structure. 31 The velocity in a strained substrate can be 
expressed as 20 
 𝑣′ = 𝑣 × (1 ± 1.3 × 𝜀) (4) 
where 𝑣  and 𝑣′  are the acoustic velocities before and after 
bending, the plus sign and minus signs are for the tensile and 
compression strain, respectively. The frequency shift can be 
calculated as a function of strain applied with the result shown in 25 
Fig. 10. The surface deformation induced frequency shift 
decreases when the strain increases from compression to tensile, 
while that by acoustic velocity change is opposite for this 
ZnO/flexible glass double-layer structure as the fractional 
velocity change increases in ZnO/glass structure with the increase 30 
in strain.30 The latter is offset by the effect of the surface 
deformation, reducing the strain sensitivity of the device. The 
theoretically calculated frequency shifts with the combined 
effects are in excellent agreement with the experimental results, 
clearly indicating the combined effects on the frequency shift of 35 
the SAW devices. We have tested five devices with the different 
wavelengths, all of them showed similar behaviour with good 
uniformity and repeatability. 
 
Fig. 9 Comparison of experimental result with the theoretically calculated 40 
frequency shift of a SAW device (λ=20 μm) in a strained ZnO/flexible 
glass structure. The ZnO thickness is 2.5 μm. 
 
5 Conclusions 
The flexible and transparent SAW devices based on 45 
ITO/ZnO/flexible glass structure have been fabricated, and 
devices with higher optical transmittance and better RF Power 
transmission property have been obtained after annealing at 200 
and 300 °C. Most of the signal amplitudes of the Rayleigh 
resonances exceeded 20 dB, and the performance improves 50 
significantly when a thick ITO layer of 750 nm is used for the 
IDTs. The flexible glass substrate devices have similar power 
transmission properties to those made on rigid glass, but have 
much better optical transmittance and flexibility. The SAW 
devices showed excellent flexibility, stability and repeatability 55 
when subjected to a repeated bending. The flexible SAW sensors 
also demonstrated the tremendous capability to detect strains in a 
very wide range from -3000 to 3000 µε (~ 5 times larger than 
others) with a sensitivity of ~34.7 Hz/µε. All the results 
demonstrated its great potential for applications. 60 
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